INTRODUCTION
The catchment area of Fontaine de Vaucluse has been already widely studied with more than 120 articles and several PhD theses. Moreover, a lot of hydrochemical measurements have been taken. The Fontaine de Vaucluse is the most famous karstic spring of France and one of the biggest with 23 m 3 / s mean flow (Cognard-Plancq et al., 2006) . It gives its name to the same outlets, which go out toward a quite-vertical phreatic conduit. Located at about 30 km East of Avignon, the Fontaine de Vaucluse is the main spring of the Sorgues river, which irrigates thanks to its hydrologic network the most fertile part of Vaucluse area. Although the limits of its catchment area are not known very well, the Fontaine de Vaucluse 1 Université d'Avignon et des Pays de Vaucluse, UFR Sciences, is the only outlet of a 1130 km² limestone catchment area (Puig, 1987) . This aquifer belongs to the lower Cretaceous and is composed of a 1500 m thick limestone series (Masse, 1968) between Necomanian marls and upper Aptian marls. It is made of an 800 m thick unsaturated zone, which has an important hydrodynamic role in the system (Emblanch et al., 2003) and by a 700 m thick saturated zone. Among a list of 600 natural cavities (Gaubert & Le Falher, 1990 , are documented in the studied area, most of them have a quite-vertical development and they have no significant perennial flow. �peleologists have found few perennial ones but they need several hours of expedition to reach it. A good example is the permanent flow called La �ivière d'Albion in the Fontaine de Vaucluse catchment area, with a 100 L/ s base discharge. This interesting flow is located at 600 m depth and eight hours of expedition are needed for experienced speleologists. These conditions make continuous hydrogeological measurements difficult to carry out. However, in the Fontaine de Vaucluse catchment area, a 3.4 km long artificial gallery exists, part of the Low Noise Underground Laboratory of �ustrel Pays d'Apt -L�BB (http://lsbb.unice.fr) (Figure 1 ). Inside this tunnel, four perennial flows occur. By comparison with classical speleological explorations, these flows can be reached easily in order to perform hydrogeological studies. It is also exceptional to have an access to the unsaturated zone, i.e. to flows which circulate in a not very karstified network, and consequently fill the gap of knowledge about unsaturated zone flows.
STUDY AREA
In the past, the L�BB was in fact part of the French nuclear dissuasive force. It was indeed the arrangement area of ballistic and strategic ground-toground missiles. The L�BB is hosted in the limestone of the Grande Montagne massif, located north of Rustrel village. The main tunnel disappears into the massif, and reaches a maximum depth under rock of 519 m. It has a total length of more than 3.3 km (1560 m of 3.7 m wide main gallery and 1760 m of 1.7m wide emergency gallery). The whole wall of it is built in 70 cm thick reinforced concrete, with in places fitted zones.
Initially designed to be resistant to radioactive clouds, thermal impacts, mechanical waves and electromagnetic pulses, the technical assets of the site are numerous: -an accessible tunnel which cut randomly the unsaturated zone of karst -few seismic, gravimetric, mechanic, sound background noises in the tunnel -no traffic within a 2 km radius -an accessible area of massif on the top of tunnel -1500 m.w.e. (Meter Water Are equivalent) of radioactive protection -electromagnetic reinforcement -whole site powered, with high-speed internet connection.
Deriving benefits from L�BB location and technical characteristics, coupled experiments concerning dark matter physics, hydrogeology, seismic imaging, seismology and magnetism are conducted within L�BB by different research teams. The interconnections between all these scientific topics must especially be underlined, such as the combination between magnetism, hydrogeology and seismology studies. Indeed, it allows us, for the first time, to compare electromagnetic noise measurements with hydrogeological analysis and seismological measurements.
Future prospects of hydrogeologic, seismologic, magnetic and hydro-mechanic linked measurements can be planned in order to obtain a long database to develop new transversal methods, which can be applied to others systems.
From a geological point of view, the galleries are hosted in a monoclinal dipping towards south-west, which is affected by N-� and NE-�W faults (Fig. 1) . The whole site is in the unsaturated zone and it offers an interesting access. Indeed, up to now, this karstic zone has been only accessible thanks to certain outlets or avens. The tunnel cuts randomly the karstic network and it permits to observe easily different kinds of flow. Four perennial significant flows can be found in the emergency gallery, as shown in Figure 1 (thickness under rock: A 440m; B 418m; C 363m; D 30m). A fifth flow is located in an anti-atomic blast gallery (GA� 350 m). It is a temporary flow and the outlet of a leaching trench, which has been formed by the karstification of a first order fault.
These flows correspond to seepages of the rock wall observed by geologists during the digging (Thiebaud, 2003) at several faults zone levels ( Figure  1 ). Considering the location of flow points with regard to the fracturing, we notice that the points A and B are located in a fractured zone, the point C in a crushed zone, the point D at the base of the epikarstic zone and the point GA� on a geologic accident. This diversity of fracturing throughout the gallery allows us to study different kinds of flows in the unsaturated zone. Moreover, in order to avoid possible problems linked to the presence of stored water at the rockconcrete interface level, the concrete wall was drilled through at the sampled flow level. Figure 2 shows the variations of flow observed in several perennial flows from L�BB. The GA� flow is not represented here because of its very low number of days of operation. This flow comes from a welldeveloped pipe with a great discharge fluctuation (from one to several L/s), associated with long periods without flow.
RESULTS
The same Figure 2 , shows that A, B and D hydrographs are of the same type. This low discharge (less than L / min) remains relatively the same during the year. We notice that small increases appear, as a result of heavy rain pulses. This type of discharge is mainly due to circulation in fractured rocks rather than in karstified ones.
Flow C appears to be intermediate between the GAS and A, B, D groups. Its hydrograph looks like a classic karst spring. This point seems therefore corresponding to a discharge point with the development of karstification making the transfer of pressure easier, and thus high flow rates during rainy periods. But it also reflects areas with relevant decrease, allowing a continuous discharge even during base flow period. Table 1 shows the mean, minimum and maximum values of the main physical and chemical parameters: discharge (Q); temperature (T); electrical conductivity (EC), pH and chemical components (Total Organic Carbon -TOC-; major anions; major cations; �iO 2 ). These results derive from 670 samples collected from October 2003 to June 2006 in the different sampling points of the unsaturated zone. These data show a mean annual variation of EC of 56µ�/cm, between all sampled points, which is significant but not very important. This could be explained by the fact that about 90% of the EC values are due to calcium and bicarbonates. In our sample points, pCO 2 stays quite the same, so the calcium and bicarbonate concentrations are quite the same too. In this case, most of the EC differences are only due to ions with low concentration.
The calcite saturation index (�Ic) and pCO 2 are two interesting indicators in karstic aquifers because they vary in accordance with calco-carbonic balance. In figure 3 , we can observe that �Ic measured in L�BB are all oversaturated. In addition, the pCO 2 appears systematically lower than Fontaine de Vaucluse which is the outlet of the system. These two observations seem to put in doubt the validity of such data. Because of their direct opening to the exterior, the pCO 2 of the cave air is often lower than within the system. This phenomenon leads to an immediate release of CO 2 at the arrival of water in the gallery and probably even in the last centimeters before arrival (�pötl et al., 2005) . This process enables the development of speleothems. Thus the L�BB gallery is affected by the same phenomenon. This is not rare because, in addition to natural ventilation, L�BB has a system of artificial ventilation increasing this phenomenon. (Mudry, 1987) . For Mg 2+ , mean annual concentrations, which are quite low due to absence of dolomitic limestone (Masse, 1968) , ranged from 0.71 mg/l for the C-point to 5.35 mg/l for the water from B-point in the unsaturated zone (UZ). These concentrations in UZ waters seem to stay quite steady as the mean calculated standard deviations vary from 0.07 for the GA�-point to 0.34 for the Apoint.
Organic matter, used as a tracer of fast circulation in karstic systems, associated with chemical components like Mg 2+ , NO 3 -and �iO 2 -concentrations, enables to understand the hydrogeological functioning of the aquifers (Emblanch, 1997; Emblanch et al., 1998a Emblanch et al., , 1998b Batiot et al., 2002; Batiot et al., 2003) . TOC mean annual variation ranged from 0.93 mg/l for the B-point to 2,15 mg/l for the GA�-point, in unsaturated zone, and the mean calculated standard deviations vary from 0.19 for the A-point to 0.63 for the GA�-point. Figure 4 shows a bar chart of mean annual and standard deviation of TOC and Mg 2+ concentrations for each sampled point. Mg 2+ permits to distinguish two groups of samples. The first one includes A and B drip water points with Mg 2+ concentrations greater than 3.5 mg/l. The second one brings together C, D and GA� flows, with concentrations lower than 1 mg/l. Figure 4 also shows mean concentrations of TOC and their standard deviations for the different collected flows. Concentrations of TOC are all between 0.5-4 mg/l, and standard deviations are lower than 0.3 mg/l for sustainable flows. We can also notice 2 different groups: the first one with A, B, C and D flows with mean annual concentrations lower than 2 mg/l and the second one defined by the GA� flows with a mean annual concentration higher than 2 mg/l and a higher standard deviation (nearly 0.9). There are two sub-groups inside the first one, namely one with A and B flows (concentrations lower than 1 mg/l), and the other including C and D discharges (concentrations from 1.2 and 1.7 mg/l).
Chloride only comes from rainfall in lack of human pollution or evaporitic sediments, as can be found in the karstic massif of La Grande Montagne at the L�BB level. This context explains that mean annual concentrations were lower than 5 mg/l for the UZ system drip water points (from 3.79 mg/l for the Cpoint to 4.89 mg/l for the GA�-flow). The four points have quite similar average (A, B, D and GA�) close to 4,7 mg/l. C-point mean value is 3,79 mg/l, shows a significant difference probably due to particular hydrogeologic behaviour or to difference in the catchment area. The same observation could be done on the Na + content but in this case the GA�-point shows also a low mean value. On the other hand, GA� and C points show mean average value of �O 4 2-higher than A, B and D points.
�iO 2 is often used as a tracer of the long residence time, and gives globally the same information as Mg 2+ . A and B are the most concentrated points, while C and GAS have lower values. But D point has relatively high value.
DISCUSSION
The study of TOC -Mg 2+ relationship, in which two mean residence time tracers of water intervene, is useful to establish water types in the karstic unsaturated zone. Indeed because these two tracers give information on different scales, three kinds of flows can be differentiated in the unsaturated zone.
The Mg 2+ contents of A and B discharges are much higher than those observed at C, D and GA� points. This difference cannot be explained by a heterogeneity of the aquifer, because the geologic formation of the aquifer is constituted by a large limestone bank without relevant dolomitic limestone or dolomites rocks (Masse, 1972) . Thus, the magnesium distribution can be considered as homogeneous (Masse, 1968) and the differences in Mg 2+ content of drip water should be explained as difference of the residence time.
Waters with very low residence time are characterised by low Mg 2+ mineralization and high TOC concentrations (GA�). Then, waters with high residence time have typical high Mg 2+ concentrations. They correspond to very slow flows, which supply A and B drip water points. Intermediate flows are characterised by low Mg 2+ and TOC concentrations. They correspond to low residence time waters that have stayed long enough in the aquifer to allow decomposition of TOC (C and D). This first classification of unsaturated zone waters, thanks to mean concentrations of these two tracers, clearly shows the large variability of flow types which are found in the unsaturated zone. Now three groups of residence time can be suggested. The lower one is represented by GA� (fast circulation), the second one (C and D) represents a karstic evolution. Finally, the third one corresponds to a more fractured karstic discharge (represented by A and B).
The L�BB investigation raises the problem of the representatively of data at the system scale. By using five measuring points, the results show high variability. Mathematically, by using two parameters, we could not find more than three sets. In fact, by using two tracers (TOC and Mg 2+ ) we have obtained three kinds of flow: from karstic to fractured circulations with an intermediate one.
What would be the conclusion if we have more points and more tracers? Probably we would expect more different types of behaviours. For example, with our five points, data of chloride (Table 1) , sulphate and sodium permit to distinguish A, B and D points from C and GA� points. In fact, fractured (A, B) and epikarstic (D) discharges, which are often considered as having piston flow behaviour, are distinct from classic karstic flow (C, GA�). Adding also �iO 2 , three groups can be differentiated: A -B, C -GA� and D. This particular position of D-point could be explained by the presence of clays in the epikarst. The variation of these tracer concentrations can be explained by hydrogeological behaviours, but also by other phenomena (anthropic pollution, Cl -Na + �O 4 2-; natural heterogeneity, �iO 2 ; …).
The aim of hydrogeologists must be to synthesise the observations and not to complicate them. We need to make a clear choice between two ways, either to develop a physically complex model, with a limited range scale transfer and based on practical applicability, or to build a global model which could be adapted according to the studied system. In other words, we have to look for common characteristics, or highlight the specificity of each studied system. Like for a porous aquifer, we could find a few common characteristics for karstic aquifers and few efficient tools to study them. We have therefore chosen the second view, that's why we are going to use our three classes obtained by Mg 2+ and TOC combination. Other authors have also chosen to work with few families of water (Tooth & Fairchild, 2003 ; Baldini et al., 2006) . For A-point (figure 5), we can see that, for the low water period of the year 2003, the Mg 2+ concentration seems to show a decrease after the first precipitations. However, after important precipitations of December 1 st and 2 nd 2003, which accumulated nearly 150 mm during two days, the three groups of concentrations of this element increase at the same time with the flow peak. As Mg 2+ is a tracer of long retention time waters (Mudry, 1987; Emblanch, 1997; Batiot et al., 2002) , these sudden concentration increases find expression in more mineralised water comings, which have stayed for a longer mean residence time in the aquifer than the water flowing just before the event. This sudden participation also concerns waters, which do not participate during usual hydrodynamic rate of flow. It seems to be obvious that major fissures, through which water flows toward the outlet, cannot contain water. These high mineralised resources take place consequently in UZ levels where high discharge losses restrict their flow participation when the hydraulic gradient is low.
These remarks are essential because the events, which are described above, were underlined before by Emblanch et al. (1999) at the outlet of the Fontaine de Vaucluse system and supposed by Fernández-Cortés et al. (2006) in the Cueva del Agua (Granada, southern �pain). Here we show clearly that this phenomenon exists already in the unsaturated zone.
At this point of the paper, we must honestly take into account that the L�BB, despite all its advantage is not a natural cave and, consequently, we can not make a direct comparison between the information collected in the L�BB system and a natural cave. In natural caves, the sampling points are located in an organised system. The existence of a natural cave is due to complex phenomena of dissolution of limestone and organisation of karstic discharges. �ome authors Fairchild, 2003 and Baldini et al., 2006) propose data considered as representing a fractured pole. But these measurements show a higher variability than our points. This highest variability could be explained by a slight participation of karstic flow. �o in natural caves, a sampling point, even if it flows from a small fracture inside the cave, could be a structured discharge. The L�BB is an artificial gallery, which allows us to observe easily a randomly cut karstic flow. According to the model proposed by Trček (2007) , Kiraly et al. (1995) , Gunn (1983) , Williams (1983) and Klimchouk (1995) , a part of this water is rapidly drained through large fractures into the karst conduit network discharge (C and GA�). Another part is retained and stored in the epikarst zone (D). This water slowly seeps through tiny fractured rock blocks and diffusely recharges lower parts of the aquifer (A and B).
In fact the aim is not to compare natural or artificial cave sampling, but to combine them. Tunnels permit to observe diffuse discharge and natural caves allow us to observe more or less organised systems in the epikarst and in the unsaturated zone of the karstic aquifers. All this information is complementary, and gives information at different levels of the UZ organisation (figure 6).
In a first approximation, we can consider that an artificial cave such as L�BB completes and produces interesting and relevant additional explanations to the classical observations done by natural cave studies. Indeed, we don't want to contrast speleological and hydrogeological approach, but rather to combine them. In the future, we have to use other approaches like Ground Penetrating �adar (GP�), which has already 
CONCLUSION
The L�BB data can give information on the behaviour of karstic systems. First of all, this contribution shows the interest of artificial galleries to study the unsaturated zone of karstic systems. The combined use of TOC and Mg 2+ contents is very relevant to distinguish different families of water. These tracers complete the hydrodynamic observations and permit to characterize three families of water coming from high karstified to fractured networks and an intermediate one ( Figure 6 ). This kind of classification has been already proposed in natural caves. However, by using artificial galleries, which cut randomly the karstic network, we could really observe the flow in the fractured family. This observation seems to be difficult in natural caves because, even if a sampled point flows from a small fracture inside the cave, it could be a structured discharge.
Artificial galleries and natural caves are both hosted in the same hydrogeologic object (karstic system). For this reason, we must combine all the existing data (hydrogeologic data from caves and galleries but also all other sources of information to build conceptual models of the unsaturated zone. Then, these models can be included in a global one, which could be adapted to all karstic systems, and not only for a case study.
